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Abstract 
For studying the impacts of wind turbines integrated into grid, the relation between the protection of doubly-fed 
induction generator (DFIG) during low voltage fault and the dynamic characteristic of grid is established from the 
points of generator operation constrains and district grid voltage stability. Then the resistance value and switching 
strategy of crowbar are discussed. Based on analyzing the electric characteristic of the voltage or current during the 
short-circuit fault in wind turbines with crowbar switching, the equation to estimate peak current of stator and rotor of 
DFIG with crowbar switching and the value range of crowbar resistance are derived. The numeric test analyzes the 
impacts of crowbar switching on district grid voltage stability with different fault types, crowbar switching time and 
crowbar resistance values. Also the interaction impact of crowbar switching on multi-wind farms is analyzed. The 
results show that reasonable crowbar resistance value and switching strategy can improve low voltage ride through 
(LVRT) ability of wind turbines and reduce bad impacts on district grid voltage stability with large-scale crowbar 
switching of wind farms. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 
With large scale wind power integrated into grid, its impacts on gird stability has been an important issue. 
Now, more and more grid operators required that wind turbines must have LVRT ability [1]-[3]. 
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DFIG stator links with grid directly, so grid voltage sags will cause terminal voltage sags and rotor 
over-current which may damage generator and converter [4]. It is difficult to realize LVRT [5]-[6]. 
However, additional crowbar circuit provides a method. Crowbar resistance value selection has been 
studied in [7]-[9]. Physical process of DFIG LVRT has been studied in [7] and [10]. 
In fact, DFIG LVRT and grid impact with each other when grid voltage sags. LVRT control can make 
DFIG maintain connection with grid so that DFIG can supply reactive power to support grid voltage. But 
long duration will make DFIG absorb reactive power from grid. 
From the point of mutual impacts between DFIG LVRT and grid, dynamic characteristic of DFIG LVRT 
will be studied in this paper. The analysis of short-circuit current is described in Section II, the analysis of 
LVRT characteristic in SectionⅢ, and  the numerical analysis in Section IV.  Finally, the conclusions are 
drawn in Section V. 
2. Analysis of Short-circuit Current 
2.1 Equivalent Model of DFIG 
Equivalent model of DFIG is shown in Fig.1. 
Rotor orientation method is used to analysis generator dynamic characteristic, so electromagnetic 
transient model is described as  
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Where, rs is stator resistance, xs is stator leakage reactance, rr is rotor resistance, xr is rotor leakage 
reactance, Uds is stator voltage in d-axis, Uqs is stator voltage in q-axis, Udr is rotor voltage in d-axis, Uqr is 
rotor voltage in q-axis, Ids is stator current in d-axis, Iqs is stator current in q-axis, Idr is rotor current in d-axis, 
Iqr is rotor current in q-axis, ψ ds is stator flux in d-axis, ψ qs is rotor flux in q-axis, ψ dr is rotor flux in d-axis, 
ψ qr is rotor flux in q-axis, ω r is rotor angular velocity, Xm is excitation reactance, Xrr = Xm + xr, Xss = Xm + xs, D 
is differential operator. 
Considering transient flux change, the relation among rotor current, rotor voltage and stator current is 
Us∼ 
Rs Xs Rr Xr
Xm Ur
Fig. 1  Equivalent model of DFIG . 
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derived from equation (1) and (2),  
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The relation among stator flux, rotor voltage and stator current is derived form eqution (2) and (3), 
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Assuming G(D) = Xm/(DXrr+rr), X(D)= Xss−DXm2/(DXrr+rr), stator voltage is described as 
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In the rotor orientation coordination, stator steady-state voltage is described as 
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2.2 Analysis of Stator Current Characteristic 
Usually, the maximum short-circuit current appears when three –phases fault occurs at generator 
terminal. Then rotor time constant Tr and stator time constant Ts are defined as 
In power flow calculation, common modified equation is generally defined as 
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Where, Rcrowbar is crowbar reactance. 
According to equation (6), stator current can be described as 
s s r s/[ (D)(D j / (D))]I U x r xω= + +                                                  (9) 
Because Xrr >> rr，equation (10) is described as 
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According to Hay Computing，equation (11) can be described as 
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Then equation (13) is derived, 
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Where, σ = 1 − Xm2/(Xrr Xss), is MFL coefficient. 
,Becauseω r >> 1/(σ Ts) − 1/(σ Tr), equation (14) is derived approximatively, 
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Then equation (17) and (18)is derived from equation (14) and (16), 
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Known by equation (17) and (18), the extremum appears when angle α and time t meet equation (19) and 
(20),
α = 0                                                                                    (19) 
t = Tr /2                                                                                 (20) 
So the extremum of stator short-circuit current is described as, 
r s
2
/(2 )1 /(2 )
s,em
0 ss
1 1 /(2 )
[(1 )e e ]T T
U
I
X
σσσ σσω
−−+ π≈ − +                                (21)
2.3 Analysis of Rotor Current Characteristic 
Because electromagnetic transient process is short when crowbar switching, DFIG operation in 
asynchronous state and rotor current can be described as 
m
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Then maximum rotor current at T/2 can be derived from equation (23) approximatively, 
Irmax ≈ Xm Is / Xss                                                                       (23) 
Known by equation (24), rotor current has the similar attenuation law with stator current, and its value is 
smaller than stator current. Its reason is that transient process of crowbar switching is ignored. In order to 
make result approaching the actual value, rotor current is as 
Irmax ≈ Is                                                                              (24)
3. Analysis of LVRT Characteristic 
3.1 Crowbar reactance value selection 
Known by equation (21) and (24), Umax is a function relation to Rcrowbar, as Umax = f (Rcrowbar). Then 
equation (25) is derived as  
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Usually, the value equation (25) is above 0, so maximum rotor voltage monotonically increases with 
crowbar reactance value increase after crowbar switching. Fig.2 shows the result comparison with 
calculation and simulation of the relation between Umax and crowbar reactance value. 
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Assuming maximum rotor voltage during fault is described as
Urmax = Irmax Rcrowbar                                                              (26) 
Where, Irmax is maximum rotor current. 
To avoid over-voltage at rotor side, safety margin coefficient λ is set, so upper limit of crowbar reactance 
value is selection according to 
Rcrowbar = Urmax/Irmax < λUrlim/Irmax                                                                    (27) 
Where, Urlim is rotor voltage limit。
Additionally, DFIG operates in asynchronous state and absorb reactive power from grid during voltage 
recovering period. If crowbar reactance value is too small, it will cause over-current again. So crowbar 
reactance value should be selected according to grid characteristic. 
3.2 Crowbar switching strategy 
Wind power is concentrated integrated into high voltage grid in China, so that it strengthens the coupling 
of wind farms. If converter can recover control mode timely after transient process ending during fault, it 
can balance active power and support grid voltage to improve grid stability. Otherwise, it will extend the 
transient process. So the time for recovering converter control should be set as 20~40ms after fault clearing, 
in order to avoid.  
4. Numerical Analysis 
4.1 Test System Introduction 
The test system is an actual grid with three integrated wind farms, one plant and two constant power 
loads, shown in Fig.3. Where, plant volume is 500MW, load1 volume is 220MW/30MVar, load2 volume is 
300MW/180Mvar, WF1 and WF2 volume are 100MW, WF3 volume is 50MW. All wind farms are 
integrated into grid by 220kV transmission lines. 
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Fig. 2  Result comparison with calculation and simulation . 
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Fig. 3  Test system. 
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4.2 LVRT Analysis in Different Conditions 
Assuming three different faults as 
Fault1: Terminal of WF1 occurs three-phases short circuit fault at 0s; 
Fault2: Point N occurs three-phases short circuit fault at 0s; 
Fault3: Point P occurs three-phases short circuit fault at 0s. 
Simulation results are shown in Fig.4 and Fig.5. 
From Fig.4-a and Fig.5-a, it is seen that when fault occurs, WF1 terminal voltage sags to 0.2p.u. in fault1, 
0.4p.u. in fault2 and 0.7p.u. in fault3. So we can conclude that it has larger impacts on wind farm with closer 
electrical distance. From Fig.4-b and Fig.5-b, it is seen that rotor current is up to 4.5p.u. in fault1, larger than 
fault2 and fault3, so we can conclude that it is easier to realize LVRT with farther electrical distance. From 
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Fig.4-c and Fig.5-c, it is seen that DFIG generates reactive power when fault occurs, but absorbs reactive 
power after fault clearing until crowbar switch. Summing up, the transient process is the same with equation 
(21).
4.3 LVRT Analysis in Different Switching Time 
Assuming that short circuit fault occurs at WF1 terminal at 0s, then the fault is cleared at 100ms, crowbar 
switch time is set as 80ms, 100ms, 120ms and 200ms respectively. LVRT characteristics in four different 
switching time are analyzed, the simulation result is shown in Fig.6. 
From Fig.6-b and Fig.6-c, it is seen that if crowbar switching time is 80ms, a new transient process 
causes rotor over-current to make crowbar switch again and DFIG absorb reactive power from grid before 
fault clearing. If crowbar switching time is 200ms, a new transient process causes rotor over-current to 
make crowbar switch again and DFIG absorb reactive power from grid after fault clearing. If crowbar 
switching time is 100ms, coinciding witch fault clearing time, the transient process caused by fault clearing 
will plus with that caused by crowbar switching so that maximum current is up to 3p.u. and absorbed 
reactive power up to 3.5p.u.. If crowbar switching time is 120ms, the transient process caused by crowbar 
switching lags behind that caused by fault clearing. Its maximum current is 1.7p.u. and absorbed reactive 
power is 2.4p.u.. 
Summing up, crowbar switching time is an important index for LVRT control， inappropriate crowbar 
switching time is not conducive to grid voltage recovering.
5. Conclusion 
Stator and rotor short-circuit current expressions which are applying on engineering to estimate their 
values are analyzed. Based on this, the criterion to select crowbar reactance value and the time to switch 
crowbar are proposed. The result of numerical test shows that appropriate crowbar reactance value and 
switching time can improve LVRT control characteristic and grid stability. 
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